Abstract-This letter presents a dual composite right/lefthanded microstrip line loaded with modified complementary split-ring resonators. In this particular case, the well-known resonant particle employed has been capacitively loaded in order to obtain a balanced frequency response. The inclusion of this capacitive element has two main effects. On the one hand, the right-and left-handed bands are interchanged; on the other hand, the possibility to control the position of the right-handed band, while maintaining the left-handed one unaltered. Consequently, it is relatively simple to design balanced transmission lines with improved bandwidth and reconfigurable properties. In addition, the equivalent circuit that describes the electromagnetic behavior of the structure has been obtained. Finally, a prototype has been fabricated and measured to confirm experimentally the validity of the proposed design. 
I. INTRODUCTION

S
INCE the proposal of the first metamaterial-based transmission lines [1] , [2] , different new approaches have been analyzed and presented to the scientific community. Generally, these transmission lines with novel properties have been obtained by using a host transmission line loaded with resonators [3] - [22] . The synthesis of these effective media requires electrically small unit cells using subwavelength resonators. The resonators can be coupled in different ways, i.e., inductive or capacitive coupling, giving rise to many different kinds of transmission lines. In this regard, split-ring resonators (SRRs) coupled to a coplanar waveguide (CPW) [3] - [9] have been employed in order to obtain lines with symmetric, Manuscript [15] , open split-ring resonators (OSRRs) [16] , open complementary split-ring resonators (OCSRRs) [17] , and different loaded resonators [18] - [22] have been presented. The aforementioned topologies have allowed to assemble new transmission lines with novel properties. In this letter, we present a balanced dual CRLH microstrip line based on modified CSRRs with improved frequency response in terms of bandwidth and reconfigurability. Moreover, its accurate equivalent circuit representation is described, which in this case has been obtained directly from the physical arrangement of the structure, conversely to previous studies where it was obtained applying the Babinet's principle. As a consequence, the proposed equivalent circuit permits to model any geometrical change of the ring. The letter is organized as follows. In Section II, the new proposed modified version of the CSRRbased transmission line and its equivalent circuit are presented. In Section III, results obtained based on the scattering parameters and dispersion diagram of the equivalent circuit model, full-wave electromagnetic analysis, and measured responses are shown. Finally, the main conclusions of this letter are outlined in Section IV.
II. MODIFIED BASIC CELL
In this section, a modification of former CSRR loaded microstrip-line cells [2] , [11] , [12] is proposed. The layout and its related geometrical parameters are described in Fig. 1 and Table I .
As it can be observed, the CSRR particle has been modified. More specifically, the CSRR central conductor has been split into two parts. Each half of this central conductor is now electrically coupled through the inserted gap, thus synthesizing a new capacitance. This capacitance can be controlled by simply modifying the dimension denoted as . Finally, the substrate employed to design the basic cell is a Rogers 4003C dielectric substrate with relative permittivity and thickness 1.524 mm.
1536-1225/$31.00 © 2013 IEEE In addition, an axial cut of the capacitively split CSRR loaded microstrip cell, a top view of the cell, and the equivalent circuit that can be inferred from these representations can be found in Fig. 2 . The values of the lumped elements are also presented in Table I .
The proposed equivalent circuit model has two major modifications with repect to former descriptions presented in [2] , [11] , and [12] . First, the lumped elements and that account for the CSRR are divided into two LC resonant tanks. Second, two additional parasitic capacitances that model the capacitive coupling of one side of the CSRR with the microstrip at the opposite side of the cell must be incorporated to the equivalent circuit. The use of these parasitic capacitances permit to control the slopes of the response out of the passband. As it can be observed, the use of the Babinet principle cannot be employed when the complementary of the SRR is altered. It is necessary to extract the lumped elements analyzing the shape of the resonator and interpreting the electromagnetic interactions among the different elements of the cell. Finally, the elements of the equivalent circuit have been calculated following the same procedure described in [2] . Moreover, the capacitor has been estimated with the capacitance of a microstrip gap [23] for a line of the same width as the diameter of the internal conductor of the CSRR. Once the initial parameters have been calculated, excluding the capacitance that has been fixed to 0 pF, all components are slightly tuned by optimization in order to match both simulated results, i.e., the full-wave simulation and the circuital response. Fig. 3 shows the transmission and reflection coefficients of the modified CSRR-based microstrip line.
The agreement between the electrical and full-wave simulations is excellent. Indeed, the equivalent circuit response is able to follow any variation of the full-wave response in terms of slope changes and magnitude depth, thus validating the proposed equivalent circuit. It can be observed that the insertion of the gap by partially removing the metal inside the resonator permits to obtain a new transmission band below 3 GHz, enhancing the bandwidth and keeping a low insertion loss level.
III. EXPERIMENTAL RESULTS
Finally, the proposed cell has been fabricated (see Fig. 4 ). This prototype has been fabricated using a mechanical milling machine (LPKF Protomat S103), which inherently introduces a systematic overmilling. It has been noticed by analyzing different fabricated prototypes that an overmilling depth of around 60 m is obtained. This fabrication mismatch is the main responsible of undesired frequency shifts. Fortunately, it is possible to overcome this problem by taking into account the overmilling during the full-wave simulation, which has been the case. The final dimensions obtained are given in the caption of Fig. 4 .
The measured -parameters are depicted in Fig. 5 and compared to the HFSS simulation. Measurements have been obtained by means of the Anritsu vector network analyzer calibrated with a Through-Open-Short Match kit in the frequency band from 1 to 5 GHz. Good agreement between the experimental results and the electromagnetic simulation has been obtained, which validates the over-milling calculation employed during simulations. The discrepancies observed can be attributed to the connectors and soldering imperfections.
Clearly, the modification of the CSRR permits to introduce a new transmission band, whose position can be controlled by the width (represented by the capacitance in the equivalent circuit model). The wider the gap is, the lower the capacitance results. Consequently, in this case the additional band is shifted to upper frequencies. Likewise, this band can be moved to lower frequencies by simple diminishing the gap width . Obviously, the basic cell can be easily balanced by simply designing this parameter. According to the results, it is clear that wider bandwidths can be obtained for the same size of the unit cell. The measured fractional bandwidth (FBW) where dB is 8.7% for the balanced dual CRLH cell, while it is 2.6% for the loaded microstrip line using conventional CSRRs (the results of a simulated unit cell are shown in Fig. 5 ). Moreover, it is quite simple to control the frequency response and obtain reconfigurable performances of this novel unit cell by altering the dimensions of the structure.
Finally, the composite right/left-handed nature of the new cell has been studied. To this end, we have retrieved (see Fig. 6 ) the permittivity and permeability responses as indicated in [24] . Also, the phase constant of the resulting composite transmission line (see Fig. 7 ) has been obtained following the standard procedure described in reference [25] , where the aforementioned phase constant, , is retrieved from (1) where is the unit-cell period, and , , , and are the scattering parameters of the basic cell.
As it can be seen, measurements confirm that the proposed loaded transmission lines have two propagation bands with different nature around 3 GHz. The first frequency band, below 2.9 GHz, is attributed to a right-handed propagation since increases as a function of frequency and and are positive. Above 2.9 GHz, the phase is inverted (phase diminishes as frequency increases), and are both negative, and a left-handed propagation is achieved with a continuous transition. These results confirm that a balanced dual CLRH line has been successfully designed at 3 GHz by means of the modified CSRRs.
IV. CONCLUSION
In this letter, a modified CSRR-based microstrip transmission line has been employed in order to synthesize a balanced dual CRLH cell. The gap etched in the CSRR permits to introduce a new right-handed transmission band that can be easily controlled. Consequently, the artificial transmission line has been balanced by adjusting the dimensions of the resonator, conversely to previous studies where new loading elements are introduced to the design. It is important to note that this new cell cannot be modeled by previous equivalent circuit representations, so that an improved equivalent circuit for modified CSRRbased micrsotrip lines has been presented. The equivalent circuit has been obtained directly from the physical topology of the structure. Thus, it permits to represent the behavior of these sort of loaded transmission lines even if the original CSRR particle is altered. In addition, a fabricated prototype has been reported to experimentally characterize the line. It has been found that fractional bandwidths dB close to 8.7% can be achieved by keeping good insertion losses. This bandwidth enhancement is due to the balanced behavior of the devices, which has been established by the interpretation of the dispersion characteristics and retrieved effective and of the modified basic cells.
